The Ru-based catalysts, including Ru/AC (activated carbon), TPAP (tetrapropylammonium perruthenate)/AC, TPAP/AC-HNO 3 , and TPAP/AC-HCl, were prepared and assessed for the direct synthesis of vinyl chloride monomer. The results indicate that the TPAP/AC-HCl catalyst exhibits the best performance with the conversion falling from 97% to 91% in 48 hours' reaction under the conditions of 180 • C, a GHSV(C 2 H 2 ) of 180 h −1 , and the feed ratio V HCl /V C2H2 of 1.15. The substitution of RuCl 3 precursor with high valent TPAP species leads to more ruthenium oxides active species in the catalysts; the acidification treatment of carrier in TPAP/AC catalyst can produce an enhanced interaction between the active species and the modified functional groups on the carrier, and it is beneficial to inhibit the carbon deposition and sintering of ruthenium species in the reaction process, greatly increase the adsorption ability of reactants, and further increase the amount of dominating active species in the catalysts, thus improving the catalytic performance. This also provides a promising strategy to explore high efficient and economic mercury-free catalysts for the hydrochlorination of acetylene.
Introduction
Although the addition reaction of acetylene with hydrogen chloride is an essential route for the direct synthesis of vinyl chloride monomer (VCM), the catalyst ever used in traditional industry is carbon-supported HgCl 2 , which posseses a serious environmental pollution and personnel hazard for its high toxicity and effumability. Hg resources are in short supply, and an excess of 140 countries have reached an agreement about the "Minamata Convention on Mercury" in the year 2013, appealing to the people around the world to eliminate the processes using mercury or mercury compounds as the catalysts to produce VCM. According to the new laws, the current HgCl 2 -based catalyst must be substituted by mercury-free catalysts before 2022. In recent years, the research of non-mercury catalysts has always been a focus.
Hutchings et al. were the first to show that the catalytic ability of metal catalysts is linked to the electrode potential of the associated metal ions, and the supported catalysts, whose metal species possessed the higher standard electrode potentials, exhibited the higher activities [1] . In addition,
Results and Discussion

Performance Test Results of the Prepared Catalysts
All of the prepared catalysts were assessed for the direct synthesis of VCM, and the VCM synthesis results for the prepared catalysts are shown in Figure 1 . The bare AC, AC-HNO 3 , and AC-HCl show relatively lower activity for the hydrochlorination reaction of acetylene with acetylene conversions of 7.1%, 5.7%, and 6.4%, respectively (Figure 1a) . The original Ru/AC catalyst has a 48.3% conversion at 48 h. When compared with the original Ru/AC, the activity of TPAP/AC catalyst is greatly improved. The acidification modification of AC is also beneficial for the Ru catalysts to catalyze the reaction, a 84.8% acetylene conversion can be yielded over the TPAP/AC-HNO 3 catalyst, and the best catalytic activity can be achieved over TPAP/AC-HCl catalyst with a stable acetylene conversion of 89.8% within 48 hours' reaction. All of the related catalysts exhibit more than 99% selectivity to VCM during the reaction (Figure 1b) . The results show that the pretreatment of activated carbon, especially the acidification modification by hydrochloric acid, may produce an interaction between the actives species and the carrier, which significantly promotes the catalytic performance of the prepared catalysts for the direct synthesis of VCM.
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Results and Discussion
Performance Test Results of the Prepared Catalysts
All of the prepared catalysts were assessed for the direct synthesis of VCM, and the VCM synthesis results for the prepared catalysts are shown in Figure 1 . The bare AC, AC-HNO3, and AC-HCl show relatively lower activity for the hydrochlorination reaction of acetylene with acetylene conversions of 7.1%, 5.7%, and 6.4%, respectively (Figure 1a) . The original Ru/AC catalyst has a 48.3% conversion at 48 h. When compared with the original Ru/AC, the activity of TPAP/AC catalyst is greatly improved. The acidification modification of AC is also beneficial for the Ru catalysts to catalyze the reaction, a 84.8% acetylene conversion can be yielded over the TPAP/AC-HNO3 catalyst, and the best catalytic activity can be achieved over TPAP/AC-HCl catalyst with a stable acetylene conversion of 89.8% within 48 hours' reaction. All of the related catalysts exhibit more than 99% selectivity to VCM during the reaction (Figure 1b) . The results show that the pretreatment of activated carbon, especially the acidification modification by hydrochloric acid, may produce an interaction between the actives species and the carrier, which significantly promotes the catalytic performance of the prepared catalysts for the direct synthesis of VCM. 
Catalyst Characterization
To reveal the physicochemical properties of the Ru-based catalysts, several characterization techniques were conducted, and the results are discussed as below.
The Functional Groups on the Catalysts' Surface
The Fourier transform infrared spectra (FT-IR) spectra of the prepared catalysts were recorded to reflect the functional groups on the prepared catalysts' surface. The characteristic bands of the fresh bare AC, AC-HNO3, AC-HCl, pure TPAP, original Ru/AC, TPAP/AC-HCl, and TPAP/AC-HNO3 catalysts are shown in Figure 2 . There are several characteristic peaks appear at 1091, 1384, 2350, and 3400 cm −1 for the fresh bare AC, related to the C-OH, C=O, C≡N, and phenolic hydroxyl stretching vibration bands, respectively [22] [23] [24] . Mealwhile, the peak intensity of C≡N and phenolic hydroxyl stretching vibration bands in AC-HNO3 catalysts is further enhanced, while that of C-OH band is weakened as compared with the fresh bare AC. However, the peak intensity of C-OH, C=O and phenolic hydroxyl stretching vibration bands in AC-HCl catalysts is reduced, while that of C≡N stretching vibration band is reinforced after the treatment by hydrochloric acid, demonstrating that the functional groups were modified to a certain extent by acidification on the AC surface. It can improve the hydrophilicity of the carrier, thus improving the dispersion of active species on the surface. As for the original Ru/AC catalyst, the intensity of C≡N stretching vibration 
Catalyst Characterization
The Functional Groups on the Catalysts' Surface
The Fourier transform infrared spectra (FT-IR) spectra of the prepared catalysts were recorded to reflect the functional groups on the prepared catalysts' surface. The characteristic bands of the fresh bare AC, AC-HNO 3 , AC-HCl, pure TPAP, original Ru/AC, TPAP/AC-HCl, and TPAP/AC-HNO 3 catalysts are shown in Figure 2 . There are several characteristic peaks appear at 1091, 1384, 2350, and 3400 cm −1 for the fresh bare AC, related to the C-OH, C=O, C≡N, and phenolic hydroxyl stretching vibration bands, respectively [22] [23] [24] . Mealwhile, the peak intensity of C≡N and phenolic hydroxyl stretching vibration bands in AC-HNO 3 catalysts is further enhanced, while that of C-OH band is weakened as compared with the fresh bare AC. However, the peak intensity of C-OH, C=O and phenolic hydroxyl stretching vibration bands in AC-HCl catalysts is reduced, while that of C≡N stretching vibration band is reinforced after the treatment by hydrochloric acid, demonstrating that the functional groups were modified to a certain extent by acidification on the AC surface. It can improve the hydrophilicity of the carrier, thus improving the dispersion of active species on the surface. As for the original Ru/AC catalyst, the intensity of C≡N stretching vibration band, as well as the oxygen-containing functional groups, decreased to different degrees. For the TPAP/AC, the intensity of C≡N stretching vibration band is lower than that of the original Ru/AC catalyst, however, the intensity of phenolic hydroxyl stretching vibration band is higher than that of the original Ru/AC catalyst. Additionally, the characteristic bands of TPAP also appear at 1070 cm −1 and 1400 cm −1 . When compared with TPAP/AC, TPAP/AC-HNO 3 , and TPAP/AC-HCl show characteristic peaks at 1070 cm −1 and 1400 cm −1 and 2969 cm −1 , respectively, corresponding to the basic vibration bands of C-N, -CH 3 , and -C-H groups [25] [26] [27] . When TPAP (Scheme 1) is loaded on the activated carbon pretreated by nitric acid, the above characteristic peaks disappeared. It should be noted that some functional groups, especially the C≡N stretching vibration bands, have a slight red-shift, which may be due to the interaction between the ruthenium specie in TPAP and the functional groups on the surface of AC.
Catalysts 2017, 7, 311 4 of 13 band, as well as the oxygen-containing functional groups, decreased to different degrees. For the TPAP/AC, the intensity of C≡N stretching vibration band is lower than that of the original Ru/AC catalyst, however, the intensity of phenolic hydroxyl stretching vibration band is higher than that of the original Ru/AC catalyst. Additionally, the characteristic bands of TPAP also appear at 1070 cm −1 and 1400 cm −1 . When compared with TPAP/AC, TPAP/AC-HNO3, and TPAP/AC-HCl show characteristic peaks at 1070 cm −1 and 1400 cm −1 and 2969 cm −1 , respectively, corresponding to the basic vibration bands of C-N, -CH3, and -C-H groups [25] [26] [27] . When TPAP (Scheme 1) is loaded on the activated carbon pretreated by nitric acid, the above characteristic peaks disappeared. It should be noted that some functional groups, especially the C≡N stretching vibration bands, have a slight red-shift, which may be due to the interaction between the ruthenium specie in TPAP and the functional groups on the surface of AC. 
The Texture Properties of the Ru-Based Catalysts
The texture properties of the samples, including AC, Ru/AC, TPAP/AC, TPAP/AC-HNO3, and TPAP/AC-HCl were revealed through the low-temperature N2 adsorption-desorption experiments. All of the catalysts show the type-I adsorption/desorption isotherms ( Figure S1 ), suggesting the large amount of micro-pores in catalysts [28] . Table 1 lists the BET (Brunauer-Emmett-Teller) specific surface areas (SBET) and the total pore volumes (Vp) of each catalyst before and after the reaction. It is not difficult to find that all of the fresh samples exhibit the SBET and Vp lower than those of bare AC. It ascribes to the successful loading of metallic species [6] . Through the data analysis, it is concluded that the change of the SBET and Vp of TPAP/AC-HCl during the reaction is the smallest, which may be one of the reasons for its high catalytic activity and slow inactivation rate. After the 48 hours' reaction, the spent catalysts show a lower SBET and Vp than those of the associated fresh ones. The relative difference of catalysts' band, as well as the oxygen-containing functional groups, decreased to different degrees. For the TPAP/AC, the intensity of C≡N stretching vibration band is lower than that of the original Ru/AC catalyst, however, the intensity of phenolic hydroxyl stretching vibration band is higher than that of the original Ru/AC catalyst. Additionally, the characteristic bands of TPAP also appear at 1070 cm −1 and 1400 cm −1 . When compared with TPAP/AC, TPAP/AC-HNO3, and TPAP/AC-HCl show characteristic peaks at 1070 cm −1 and 1400 cm −1 and 2969 cm −1 , respectively, corresponding to the basic vibration bands of C-N, -CH3, and -C-H groups [25] [26] [27] . When TPAP (Scheme 1) is loaded on the activated carbon pretreated by nitric acid, the above characteristic peaks disappeared. It should be noted that some functional groups, especially the C≡N stretching vibration bands, have a slight red-shift, which may be due to the interaction between the ruthenium specie in TPAP and the functional groups on the surface of AC. 
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The texture properties of the samples, including AC, Ru/AC, TPAP/AC, TPAP/AC-HNO 3 , and TPAP/AC-HCl were revealed through the low-temperature N 2 adsorption-desorption experiments. All of the catalysts show the type-I adsorption/desorption isotherms ( Figure S1 ), suggesting the large amount of micro-pores in catalysts [28] . Table 1 lists the BET (Brunauer-Emmett-Teller) specific surface areas (S BET ) and the total pore volumes (V p ) of each catalyst before and after the reaction. It is not difficult to find that all of the fresh samples exhibit the S BET and V p lower than those of bare AC. It ascribes to the successful loading of metallic species [6] . Through the data analysis, it is concluded that the change of the S BET and V p of TPAP/AC-HCl during the reaction is the smallest, which may be one of the reasons for its high catalytic activity and slow inactivation rate. After the 48 hours' reaction, the spent catalysts show a Catalysts 2017, 7, 311 5 of 13 lower S BET and V p than those of the associated fresh ones. The relative difference of catalysts' BET surface areas (∆S BET %) before and after the reaction decreases in the following order: TPAP/AC-HNO 3 (47.2%) > TPAP/AC (34.9%) > Ru/AC (31.7%) > AC (25.1%) > TPAP/AC-HCl (23.1%). The relative difference in the catalysts' V p also exhibits a similar tendency. When compared with activated carbon, the S BETs and V ps of the Ru/AC and TPAP/AC catalysts decrease significantly, which may be caused by the metal-catalyzed reaction [29] . In addition, the initial conversions of acetylene are 40.4%, 55.8%, 78.4%, 86.0%, and 95.6% over AC, Ru/AC, TPAP/AC, TPAP/AC-HNO 3 , and TPAP/AC-HCl catalysts, which decreased respectively to 7.1%, 48.3%, 69.3%, 84.8%, and 89.6% after 48 hours' reaction. Therefore, the decrease of the S BET , as well as V p , could be ascribed to the carbonaceous material deposition during the reaction or the collapse of the pores in the catalysts, resulting in a decrease in the activity of the catalysts [29] . 
The Coke Deposition on the Spent Catalysts during the Reaction
The coke deposition of the spent catalyst was investigated by TGA, as shown in Figure 3 . Taking TPAP/AC-HCl as an example, not only the fresh but also the spent TPAP/AC-HCl catalysts exhibit a slight mass loss before 150 • C because of the water desorption or small molecules desorption on the catalysts' surface [30] . Within the scope of 150-385 • C, there is a slowly mass loss for both the fresh and spent catalysts. However, there is a rapid mass loss for the catalysts because of the combustion of carrier when the temperature exceeds 385 • C. In consideration of that the activated carbon itself can lose its weight in air atmosphere to produce CO 2 , the mass loss in the range of 150-385 • C reflects the coke deposition amount on the spent TPAP/AC-HCl catalyst [31] .
after 48 hours' reaction. Therefore, the decrease of the SBET, as well as Vp, could be ascribed to the carbonaceous material deposition during the reaction or the collapse of the pores in the catalysts, resulting in a decrease in the activity of the catalysts [29] . 
The coke deposition of the spent catalyst was investigated by TGA, as shown in Figure 3 . Taking TPAP/AC-HCl as an example, not only the fresh but also the spent TPAP/AC-HCl catalysts exhibit a slight mass loss before 150 °C because of the water desorption or small molecules desorption on the catalysts' surface [30] . Within the scope of 150-385 °C, there is a slowly mass loss for both the fresh and spent catalysts. However, there is a rapid mass loss for the catalysts because of the combustion of carrier when the temperature exceeds 385 °C. In consideration of that the activated carbon itself can lose its weight in air atmosphere to produce CO2, the mass loss in the range of 150-385 °C reflects the coke deposition amount on the spent TPAP/AC-HCl catalyst [31] .
The coke deposition amount on the other spent catalysts is also calculated by the above method [32] , and is listed in Table 2 . The TPAP/AC-HCl catalyst has the least coke deposition of 2.2 wt %. The coke deposition amount decreases along the following order: TPAP/AC-HNO3 (7.3%) > TPAP/AC (4.5%) > Ru/AC (2.8%) > TPAP/AC-HCl (2.2%) ( Figure S2 ). This result is in accord with the BET results. The substitution of the original RuCl3 precursor with high valent ruthenium complex TPAP does not decrease the amount of coke deposition, however, the acidification of the carrier by hydrochloric acid is conducive to inhibit the coking deposition of TPAP catalyst to some extent. The coke deposition amount on the other spent catalysts is also calculated by the above method [32] , and is listed in Table 2 . The TPAP/AC-HCl catalyst has the least coke deposition of 2.2 wt %. The coke deposition amount decreases along the following order: TPAP/AC-HNO 3 (7.3%) > TPAP/AC (4.5%) > Ru/AC (2.8%) > TPAP/AC-HCl (2.2%) ( Figure S2 ). This result is in accord with the BET results. The substitution of the original RuCl 3 precursor with high valent ruthenium complex TPAP does not decrease the amount of coke deposition, however, the acidification of the carrier by hydrochloric acid is conducive to inhibit the coking deposition of TPAP catalyst to some extent. Figure 4 presents the X-ray diffraction patterns of the fresh and spent Ru/AC, TPAP/AC, TPAP/AC-HNO 3 , and TPAP/AC-HCl catalysts. It can be observed that all of the fresh catalysts have two distinct diffraction peaks at 23.40 • and 43.50 • , which relates to the amorphous diffraction peaks of AC (Figure 4a ). But beyond that, there are no characteristic Ru reflections observed, indicating that the ruthenium species are highly dispersed and that the particle size is less than 4 nm, lower than the XRD detection limit or the catalyst has a large amount of amorphous active species. After the reaction, no obvious Ru reflection could be seen but the amorphous diffraction peaks of AC ( Figure 4b) ; it indicates that there is no obvious agglomeration or sintering of the active components during the reaction. Figure 5 presents the transmission electron microscopy (TEM) images of the carbon-supported Ru-based catalysts before and after the reaction. It can be observed that the active species are well dispersed on the catalysts, and that the particles in the fresh catalyst are tiny, uniform, and difficult to distinguish; as for the spent catalysts, there appears the agglomeration of the Ru species to some extent. For example, the average size of particles in all of the fresh catalysts is in the range of 1-3 nm, and the TPAP/AC catalyst experienced 48 hours' reaction exhibits the most serious sintering with the average particle size of 1.95 nm ( Figure S3 ). The acidification treatment of AC in TPAP/AC catalyst can inhibit the agglomeration or sintering of the active components in the reaction process (Figure 5e-h) , which is consistent with the results of X-ray diffraction (XRD) analysis.
Catalysts 2017, 7, 311 6 of 13 Figure 4 presents the X-ray diffraction patterns of the fresh and spent Ru/AC, TPAP/AC, TPAP/AC-HNO3, and TPAP/AC-HCl catalysts. It can be observed that all of the fresh catalysts have two distinct diffraction peaks at 23.40° and 43.50°, which relates to the amorphous diffraction peaks of AC (Figure 4a ). But beyond that, there are no characteristic Ru reflections observed, indicating that the ruthenium species are highly dispersed and that the particle size is less than 4 nm, lower than the XRD detection limit or the catalyst has a large amount of amorphous active species. After the reaction, no obvious Ru reflection could be seen but the amorphous diffraction peaks of AC ( Figure 4b) ; it indicates that there is no obvious agglomeration or sintering of the active components during the reaction. Figure 5 presents the transmission electron microscopy (TEM) images of the carbon-supported Ru-based catalysts before and after the reaction. It can be observed that the active species are well dispersed on the catalysts, and that the particles in the fresh catalyst are tiny, uniform, and difficult to distinguish; as for the spent catalysts, there appears the agglomeration of the Ru species to some extent. For example, the average size of particles in all of the fresh catalysts is in the range of 1-3 nm, and the TPAP/AC catalyst experienced 48 hours' reaction exhibits the most serious sintering with the average particle size of 1.95 nm ( Figure S3 ). The acidification treatment of AC in TPAP/AC catalyst can inhibit the agglomeration or sintering of the active components in the reaction process (Figure 5e-h) , which is consistent with the results of X-ray diffraction (XRD) analysis. Figure 6 presents the TPR (Temperature-programmed reduction) profiles of the prepared catalysts before and after the reaction. For all the fresh catalysts, the broad peaks appeared in 450-700 °C associate to the characteristic reduction of oxygen-containing functional groups on AC (Figure 6 ) [33, 34] . For the original Ru/AC catalyst, the TPR profile appears several reduction bands centered at 150.0 °C, 256.5 °C, and 325.0 °C, which are related to the reduction of RuOx (x > 2), RuO2, Figure 6 presents the TPR (Temperature-programmed reduction) profiles of the prepared catalysts before and after the reaction. For all the fresh catalysts, the broad peaks appeared in 450-700 • C Catalysts 2017, 7, 311 8 of 13 associate to the characteristic reduction of oxygen-containing functional groups on AC (Figure 6) [33, 34] . For the original Ru/AC catalyst, the TPR profile appears several reduction bands centered at 150.0 • C, 256.5 • C, and 325.0 • C, which are related to the reduction of RuO x (x > 2), RuO 2 , and RuCl 3 , respectively (Figure 6a ). The reduction temperature of Ru species in TPAP/AC decrease to 135.6 • C, 249.4 • C, and 321.7 • C for RuO x , RuO 2 , and RuCl 3 , respectively. The TPAP/AC-HNO 3 and TPAP/AC-HCl catalysts have the TPR curves similar to the TPAP/AC catalyst, with the peak reduction temperatures transfer to lower values. These temperature shifts indicate the interactions between the carrier and ruthenium species, which in turn affects the relative content of different ruthenium species. By calculating the reduction area of TPR profiles, it can be seen that the relative amount of the ruthenium oxides in the catalyst decreases along the order: TPAP/AC-HCl > TPAP/AC-HNO 3 > TPAP/AC > Ru/AC. It shows that the substitution of RuCl 3 with high valent TPAP, results in more ruthenium oxides in the catalyst, and the acidification treatment of AC in TPAP catalyst can further increase the amount of active species, which is crucial to enhance the catalytic activity and stability of the prepared catalysts. In addition, the TPAP/AC-HCl has the similar amount of active ruthenium oxides to the TPAP/AC-HNO 3 catalyst for the spent catalysts, much higher than that in TPAP/AC and Ru/AC catalysts (Figure 6b ). X-ray photoelectron spectroscopy (XPS) spectra were obtained to further distinguish the different species and the relative content of them in the prepared catalysts. Since the signal of Ru3d peak coincides with that of Cls peak, the Ru 3p3/2 XPS deconvolution spectrum is adopted to distinguish the different species ( Figure S4 and Table 3 ). For the fresh catalysts, there appear four kinds of Ru species including metallic Ru 0 at 461.6 eV, RuCl3 at 463.4 eV, RuO2 at 464.6 eV and RuOx at 466.1 eV in the original Ru/AC catalyst [35] [36] [37] , and the relative content of them is 14.0%, 49.9%, 19.1%, and 17.0%, respectively. The TPAP/AC catalyst contains 11.3% Ru 0 , 42.5% RuCl3, 25.1% RuO2, and 21.1% RuOx. The dominant species in TPAP/AC-HNO3 is 34.5% RuCl3, followed by 30.4% RuO2, 26.2% RuOx, and 8.9% Ru 0 . The TPAP/AC-HCl catalyst contains 32.0% RuO2, followed by 29.4% RuOx, 20.5% RuCl3, and 18.1% Ru 0 . The amount of ruthenium oxides (RuO2 and RuOx) decreases along the following order: TPAP/AC-HCl (61.4%) > TPAP/AC-HNO3 (56.6%) > TPAP/AC (46.2%) > Ru/AC (36.1%). It is reported that ruthenium oxides are the key active species in Ru catalysts for the reaction [28] . For the spent catalysts, the relative amount of ruthenium oxides species goes down, and that of Ru 0 species significantly increased after experiencing 48 h of reaction. It indicates that the high-valence ruthenium active species are reduced to low-valence ones during the reaction, which may result in the fall of the activity of Ru catalysts. Therefore, the substitution of RuCl3 precursor with high valent TPAP species leads to more ruthenium oxides in the catalyst, and the acidification of AC in TPAP catalyst is beneficial to further improve the amount of high valence ruthenium active species in the catalysts, similar to the TPR results. X-ray photoelectron spectroscopy (XPS) spectra were obtained to further distinguish the different species and the relative content of them in the prepared catalysts. Since the signal of Ru3d peak coincides with that of Cls peak, the Ru 3p3/2 XPS deconvolution spectrum is adopted to distinguish the different species ( Figure S4 and Table 3 ). For the fresh catalysts, there appear four kinds of Ru species including metallic Ru 0 at 461.6 eV, RuCl 3 at 463.4 eV, RuO 2 at 464.6 eV and RuO x at 466.1 eV in the original Ru/AC catalyst [35] [36] [37] , and the relative content of them is 14.0%, 49.9%, 19.1%, and 17.0%, respectively. The TPAP/AC catalyst contains 11.3% Ru 0 , 42.5% RuCl 3 , 25.1% RuO 2 , and 21.1% RuO x . The dominant species in TPAP/AC-HNO 3 is 34.5% RuCl 3 , followed by 30.4% RuO 2 , 26.2% RuO x , and 8.9% Ru 0 . The TPAP/AC-HCl catalyst contains 32.0% RuO 2 , followed by 29.4% RuO x , 20.5% RuCl 3 , and 18.1% Ru 0 . The amount of ruthenium oxides (RuO 2 and RuO x ) decreases along the following order: TPAP/AC-HCl (61.4%) > TPAP/AC-HNO 3 (56.6%) > TPAP/AC (46.2%) > Ru/AC (36.1%). It is reported that ruthenium oxides are the key active species in Ru catalysts for the reaction [28] . For the spent catalysts, the relative amount of ruthenium oxides species goes down, and that of Ru 0 species significantly increased after experiencing 48 h of reaction. It indicates that the high-valence ruthenium active species are reduced to low-valence ones during the reaction, which may result in the fall of the activity of Ru catalysts. Therefore, the substitution of RuCl 3 precursor with high valent TPAP species leads to more ruthenium oxides in the catalyst, and the acidification of AC in TPAP catalyst is beneficial to further improve the amount of high valence ruthenium active species in the catalysts, similar to the TPR results. 2.2.6. The Adsorption Property of Ru-Based Catalysts for Reactants C 2 H 2 -and HCl-TPD profiles are obtained to discuss the adsorption ability of reactants on the fresh Ru-based samples. Several desorption peaks for C 2 H 2 are centered in 50-750 • C for all of the prepared catalysts (Figure 7a ), which suggests the presence of the multi-status adsorbed acetylene. The peak area for C 2 H 2 desorption gradually increases along the following order: Ru/AC < TPAP/AC < TPAP/AC-HNO 3 < TPAP/AC-HCl. It can be observed that the acidification of AC in TPAP catalyst is conducive to increase adsorption capacity of acetylene. Figure 7b presents the desorption peak of HCl on the prepared catalysts. In contrast, the desorption peaks are broad bands centered at ca. 400 • C for the fresh prepared samples, and the desorption areas and temperatures for HCl on the catalysts also gradually increase along the same order: Ru/AC < TPAP/AC < TPAP/AC-HNO 3 < TPAP/AC-HCl. In view of this, it can be concluded that the substitution of RuCl 3 with high valent TPAP species also enhances the adsorption ability of HCl, and the acidification of AC, especially by hydrochloric acid in TPAP catalyst, may produce an interaction between the carrier and the Ru species to further enhance the adsorption strength and capacity for hydrogen chloride reactant, thus increasing the activity of the resultant catalyst. 2.2.6. The Adsorption Property of Ru-Based Catalysts for Reactants C2H2-and HCl-TPD profiles are obtained to discuss the adsorption ability of reactants on the fresh Ru-based samples. Several desorption peaks for C2H2 are centered in 50-750 °C for all of the prepared catalysts (Figure 7a ), which suggests the presence of the multi-status adsorbed acetylene. The peak area for C2H2 desorption gradually increases along the following order: Ru/AC < TPAP/AC < TPAP/AC-HNO3 < TPAP/AC-HCl. It can be observed that the acidification of AC in TPAP catalyst is conducive to increase adsorption capacity of acetylene. Figure 7b presents the desorption peak of HCl on the prepared catalysts. In contrast, the desorption peaks are broad bands centered at ca. 400 °C for the fresh prepared samples, and the desorption areas and temperatures for HCl on the catalysts also gradually increase along the same order: Ru/AC < TPAP/AC < TPAP/AC-HNO3 < TPAP/AC-HCl. In view of this, it can be concluded that the substitution of RuCl3 with high valent TPAP species also enhances the adsorption ability of HCl, and the acidification of AC, especially by hydrochloric acid in TPAP catalyst, may produce an interaction between the carrier and the Ru species to further enhance the adsorption strength and capacity for hydrogen chloride reactant, thus increasing the activity of the resultant catalyst. 
The Valence of Active Species in the Catalysts
Experimental
Materials
RuCl3 (Ru content ≥ 48.7%, Tianjin Fengchuan Chemical Reagent Technology Co., Ltd., Tianjin, China); nitric acid (65.0-68.0 wt %, Tianjin Fengchuan Chemical Reagent Technology Co., Ltd., Tianjin, China); Tetrapropylammonium perruthenate (TPAP, Shanghai Aladdin Biological Technology Co., Ltd., Shanghai, China); hydrochloric acid (AR, Tianjin Yongsheng Chemical Reagent Co., Ltd., Tianjin, China); coconut AC (neutral, Tangshan United Carbon Technology Co., Ltd., Tangshan, China). All the other materials can be used directly without further purification.
Acidification Pretreatment of AC
Acidification pretreatment of AC was performed according to the reported method as follows [38, 39] : 5 g AC was slowly put into the 100 mL nitric acid solution (5 mol L −1 ) at ambient temperature; the mixture was refluxed and condensed at 60 °C for 8 h; then, the resultant was filtrated and washed until the filtrate was neutral; finally the product was desiccated at 110 °C for 14 
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Materials
RuCl 3 (Ru content ≥ 48.7%, Tianjin Fengchuan Chemical Reagent Technology Co., Ltd., Tianjin, China); nitric acid (65.0-68.0 wt %, Tianjin Fengchuan Chemical Reagent Technology Co., Ltd., Tianjin, China); Tetrapropylammonium perruthenate (TPAP, Shanghai Aladdin Biological Technology Co., Ltd., Shanghai, China); hydrochloric acid (AR, Tianjin Yongsheng Chemical Reagent Co., Ltd., Tianjin, China); coconut AC (neutral, Tangshan United Carbon Technology Co., Ltd., Tangshan, China). All the other materials can be used directly without further purification.
Acidification Pretreatment of AC
Acidification pretreatment of AC was performed according to the reported method as follows [38, 39] : 5 g AC was slowly put into the 100 mL nitric acid solution (5 mol L −1 ) at ambient temperature; the mixture was refluxed and condensed at 60 • C for 8 h; then, the resultant was filtrated and washed until the filtrate was neutral; finally the product was desiccated at 110 • C for 14 h, and termed AC-HNO 3 . Similarly, the AC sample was also acidification pretreated by concentrated hydrochloric acid (12 mol L −1 ), and the resultant was termed AC-HCl.
Preparation of the Ru-Based Catalysts
AC carrier was adopted to prepare the Ru catalysts (1 wt % Ru) via an incipient wetness impregnation method [12, 29] . RuCl 3 aqueous solution (6.4 mL, 0.01 g mL −1 ) was added quantitatively into AC (3 g) under constant stirring, then it was dipped for a whole day, filtered, and washed several times to reach the neutral pH value. Subsequently, the resultant sample was dried for 24 h at 140 • C to obtain the RuCl 3 /AC catalyst. The TPAP/AC catalyst was prepared by mixing TPAP aqueous solution (10.8 mL, 0.01 g mL −1 ) with weighed AC (3 g) under constant stirring for 24 h at room temperature and then desiccated the obtained sample at 140 • C for 24 h. A RuCl 3 or TPAP aqueous solution was quantitatively mixed with the hydrochloric acid or nitric acid pretreated AC according to the above procedure to prepare the Ru-based catalysts with a 1 wt % Ru loading, and the products were denoted as Ru/AC, TPAP/AC, TPAP/AC-HNO 3 , and TPAP/AC-HCl, respectively.
Catalyst Characterization
Fourier transform infrared spectra (FT-IR) was acquired by a Nicolet Avatar spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) to recognize the change of functional groups on the catalysts' surface. The texture property analysis was performed by a Micromeritics ASAP 2020 specific surface area and porosity analyzer (Micromeritics Instrument Ltd., Atlanta, GA, USA). Each sample was firstly degassed at 150 • C for 6 h prior to the gas adsorption/desorption at −196 • C. Thermogravimetric analysis (TGA) was conducted with a thermogravimetric differential scanning calorimetry simultaneous analyzer (NETZSCH STA449F5, NETZSCH, Selb, Germany) under an air atmosphere flow of 30 mL min −1 . The test temperature was set in the range of 50-800 • C with an increment of 10 • C min −1 . X-ray diffraction (XRD) analysis was conducted by an X'PERT PANalytical diffractometer (Bruker, Karlsruhe, Germany), using a Cu Kα radiation source operating at 40 mA and 40 kV. The patterns were recorded between 2θ values of 10 • -90 • with a back filled sample. Transmission electron microscopy (TEM) was performed on a G2F20 electron microscope (FEI, Hillsboro, OR, USA). The sample is firstly ground into powder and then dispersed in an ethanol solution, which is supported by a copper grid wrapped in a carbon film to acquire the analysis images. TPR experiments were carried out using a ChemBET TPR/TPD chemisorption analyser (Micromeritics Instrument Ltd., Atlanta, GA, USA) connected to a TCD. A 0.10 g sample was filled into a tube between quartz wool. The sample was then heated from 25 • C to 800 • C with an increment of 10 • C min −1 under a 40 mL min −1 10% H 2 /Ar flow. X-ray photoelectron spectroscopy (XPS) spectra were obtained using an Axis Ultra spectrometer (Shimadzu, Kyoto, Japan) equipped with a monochromatized Al Kα X-ray source; the spectral regions corresponding to the C1s core levels and Ru3p3 were recorded for the related samples. The binding energy of the species was referenced to that of C1s (284.6 eV). Temperature-programmed desorption (TPD) measurements were also performed using a ChemBET TPR/TPD chemisorption analyser (Micromeritics Instrument Ltd., Atlanta, GA, USA) connected to a TCD. The samples were placed in a reactant stream at the reaction temperature for 6 h. Then, the corresponding profiles were acquired when the temperature increased from 25 • C to 400 • C with a 10 • C min −1 increment and a 45 mL min −1 N 2 flow.
Catalytic Performance Test
The catalytic performance of the catalysts was evaluated in a fixed-bed reactor (internal diameter of 10 mm). A nitrogen purge was adopted in order to remove a small amount of moisture from the whole system. A 20 mL min −1 HCl (gas, 99%) flow is then introduced to activate the filled catalyst (2 mL). After the catalyst bed was heated to the reaction temperature under the atmospheric pressure, acetylene and hydrogen chloride were fed through the heated reactor, and the flow rates of the reactants were controlled via mass flow controllers to maintain a V HCl /V C2H2 of 1.15 and a GHSV(C 2 H 2 ) of 180 h −1 . The gas effluents were finally analyzed on-line using a GC-2014C gas chromatography.
Conclusions
A series of carbon-supported Ru-based catalysts were prepared for the hydrochlorination of acetylene, and the effects of the high valent ruthenium precursor and acidification pretreatment of the carrier on the catalytic behavior of the catalysts were also investigated. The results of catalytic performance tests indicate that the best catalytic performance is achieved over TPAP/AC-HCl catalyst with the acetylene conversion falling from 97% to 91% in 48 hours' reaction under the conditions of 180 • C, V HCl /V C2H2 of 1.15, and a GHSV(C 2 H 2 ) of 180 h −1 . The analysis results indicate that the substitution of RuCl 3 precursor with high valent TPAP species leads to more ruthenium oxides active species in the catalysts; the acidification treatment of carrier in TPAP/AC catalyst can produce an enhanced interaction between the active species and the modified functional groups on the carrier, which is beneficial to inhibit the carbon deposition and the sintering of active species in the reaction process, greatly increase the adsorption ability of reactants, and further increase the amount of high valent active species in the catalysts, thus improving the catalytic performance of the prepared catalysts. This also provides a promising strategy to explore high efficient and economic non-mercury catalysts for the direct synthesis of VCM.
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